Dry-snow slab avalanches start with a local failure in a weak snowpack layer buried below cohesive snow slab layers. If the size of the failed zone exceeds a critical size, rapid crack propagation occurs possibly followed by slab release if the slope is steep enough. The probability of skier-triggering a slab avalanche is generally characterized by classical stability indices that do not account for crack propagation. In this study, we propose a new model to evaluate the conditions for the onset of crack propagation in skier-triggered slab avalanches. For a given weak layer, the critical crack length characterizing crack propagation propensity was compared to the size of the area where the skier-induced stress exceeds the shear strength of the weak layer. The ratio between both length scales yields a stability criterion combining the processes of failure initiation and crack propagation. The critical crack length was calculated from a recently developed model based on numerical simulations. The skierinduced stress was computed from analytical solutions and finite element simulations to account for slab layering. A detailed sensitivity analysis was performed for simplified snow profiles to characterize the influence of snowpack properties and slab layering on crack propagation propensity. Finally, we applied our approach to manually observed snow profiles and compared our new criterion to Rutschblock scores.
Introduction
Skier-triggered slab avalanches ( Fig. 1 ) cause more than 100 fatalities in the European Alps, each year (Techel et al., 2016) . In order to improve avalanche danger forecasting and risk assessment, a sound understanding of the stability of the snowpack loaded by e.g. a skier, a snowboarder or a snowmobile is required.
A slab avalanche can be triggered, possibly remotely, by a skier if the size of the failed zone induced by the additional load of the skier in the weak layer exceeds the critical crack size (Heierli et al., 2011; Schweizer and Camponovo, 2001; . If so, rapid crack propagation occurs possibly leading to a slab avalanche if the slope-parallel gravitational force overcomes friction (at a slope angle of around 30°, van Herwijnen and Heierli, 2009) .
The likelihood of skier triggering has traditionally been assessed by the skier stability index (e.g., Föhn, 1987b; Jamieson and Johnston, 1998) . This index is a measure to assess failure initiation by a skier. Slab layering which can affect the stress distribution in the snowpack (Schweizer, 1993 ) (e.g. due to the so-called bridging effect) was recently also accounted for in stability metrics (Habermann et al., 2008; Monti et al., 2016; Thumlert et al., 2013; Thumlert and Jamieson, 2014) . However, this classical index, which compares weak layer strength to the sum of the shear stress due to the slab load and the additional skier stress, does not account for the second important process in snow slab avalanche release, namely crack propagation. The latter process has received much attention in the past decade (e.g. Gauthier and Jamieson, 2008; Heierli et al., 2008; Jamieson, 2007a, 2007b; Birkeland et al., 2014; Gaume et al., 2015a Gaume et al., , 2017 and is deemed an important step after an area within the weak layer initially failed, due to an external loading. Schweizer and Camponovo (2001) evaluated the skier's zone of influence using experimental and analytical methods. This zone was defined based on pulse analysis and corresponds to the area below the skier, for a given depth, for which the stresses exceed 70% of the peak stress induced by the skier. Yet, the evaluation of this area does not involve the weak layer strength and thus does not fully characterize failure initiation.
Recently, Reuter et al. (2015) presented both a new skier stability criterion and the critical crack length required for the onset of crack propagation in the weak layer. They showed that combining these two metrics significantly improved the evaluation of snow instability. However, the skier stability index they used does not include the slab load and thus their threshold of instability may be limited to their data set. In addition, to evaluate the critical crack length, they used the anticrack model (Heierli et al., 2008) which was recently shown to significantly overestimate the critical length on steep slopes, which is where avalanches actually release .
To improve previous methods, we propose a mechanical criterion for snow instability which combines failure initiation and crack propagation in a weak snow layer below a cohesive snow slab in presence of an additional line load corresponding to a skier. This criterion compares the length of the area where the stresses induced by the slab and the skier exceed the weak layer strength to the critical crack length a c for crack propagation.
The recent model of Gaume et al. (2017) based on discrete element simulations (Gaume et al., 2015a ) is used to compute the critical crack length a c . The stress field along the weak layer is computed from analytical solutions (Monti et al., 2016) and finite element simulations to account for slab layering (Habermann et al., 2008; Reuter et al., 2015) . By comparing the stress to the weak layer strength, one can thus determine the length l sk of the area where the stress exceeds the strength and compare it to a c . A sensitivity analysis is performed for simplified snow profiles to characterize the influence of snowpack properties and slab layering on the skier crack propagation propensity. Finally, we applied our approach to a field dataset consisting of 160 Rutschblock test results with corresponding snowpit data including snow density and shear frame measurements.
Methods

Instability criterion
We consider a two-dimensional slab-weak layer system. The slab is characterized by its thickness D, density ρ, elastic modulus E, and Poisson's ratio ν. The weak layer is characterized by its shear strength τ p , its shear modulus G wl and thickness D wl . The slope angle is denoted by ψ. The onset of crack propagation occurs if the skier crack length exceeds the critical crack length i.e. if l sk > a c .
Failure initiation: skier crack length l sk
The skier crack length is obtained by solving:
where τ = ρgD sin ψ is the shear stress due to the slab weight, Δτ is the additional shear stress due to the skier line load R which is defined as (Föhn, 1987b; Monti et al., 2016) :
where α is the angle between the snow surface and the line from the skier to the point of interest in the weak layer. For the case that the strength of the weak layer τ p is exceeded along a length l sk within the weak layer, we define two angles α 1 and α 2 , locating the edges of this band (of failure). Hence, solving Eq. (1) corresponds to finding the two angles α 1 and α 2 where τ + Δτ = τ p (Fig. 2) . Based on geometry relations, the skier crack length l sk can be evaluated by:
Eq.
(1) cannot be solved analytically for ψ ≠ 0, i.e. if τ ≠ 0. It was thus solved using Matlab (fzero function). If the strength of the weak layer τ p is not exceeded, the skier crack length l sk is zero.
Crack propagation: critical crack length a c
As a measure for crack propagation propensity, we compute the critical crack length a c using the new formulation proposed by Gaume et al. (2017) :
wherein σ = ρgD cos ψ and Λ is a characteristic length of the system associated with the elastic mismatch between the slab and the weak layer. It is given by:
with E ′ = E/(1 − ν 2 ). 
New stability index
In order to combine the metrics of failure initiation and crack propagation, we follow the concept of the stability index but use a ratio of length scales, which gives in our case:
Large values of the skier crack length l sk and/or low values of the critical crack length a c lead to low stability and vice versa.
Simplified snow profiles and finite element simulations
We calculated the skier crack length for five different typical slab profiles with either a hard or soft basal layer (Fig. 3 ) using the finite element method (FEM), which allows to take into account snowpack layering. The FE model is described in detail in Reuter et al. (2015) . The domain is divided into 2-D, quadrilateral plane strain elements with eight nodes each. The mesh was fine enough to avoid mesh size effects. The model was implemented in ANSYS workbench to calculate the skier stress within the weak layer. Linear elastic material behavior was assumed. The skier load was modeled as a static line load R = 780 N .
The simplified profiles have the same characteristics and material properties (Table 1) as those used by Habermann et al. (2008) . The values of hand hardness (Fierz et al., 2009) were assigned corresponding to the layer densities (Geldsetzer and Jamieson, 2001 ). The Poisson's ratio was assumed constant ν = 0.2. The slab layers have a thickness of 0.12 m each, the weak layer of 0.05 m and the basal layer of 0.8 m, thick enough to ensure that the results are not influenced by the thickness of the basal layer. As in Habermann et al. (2008) and Monti et al. (2016) , the penetration depth of the skier was not taken into account for these calculations. The weak layer shear strength τ p was assumed equal to 600 Pa and the slope angle ψ was taken equal to 38°.
The critical crack length was evaluated for each profile using Eqs. (4) and (5). For the elastic modulus of the slab, we used the bulk modulus computed using FEM simulations (Reuter et al., 2015) , as it accounts for slab layering.
Field data
The skier crack length l sk and critical crack length a c were calculated for 160 manually observed snow profiles collected in the Columbia Mountains of Western Canada by researchers from the University of Calgary, each including at least one Rutschblock (RB) test (Föhn, 1987a) . This dataset was already used in Monti et al. (2016) to validate a simplified approach to evaluate the skier-induced stress in a multilayered snowpack. The manual snow profile observations include multiple density measurements of slab and weak layers as well as shear frame measurements of the weak layer shear strength (Jamieson and Johnston, 2001 ) and the penetration depth PS which was accounted for in this analysis (Reuter et al., 2015) . The elastic modulus of the weak layer and of the different layers of the slab were derived from manual density measurements using the relation proposed by Scapozza (2004) . All layers were implemented in the FEM model to compute the skier crack length and the bulk modulus was used to compute the critical crack length.
The values of a c and l sk were then compared to the RB score for 3 different cases corresponding to different values of the skier line load R according to Schweizer and Camponovo (2001) : (i) skier standing i.e. R = 780 N; (ii) skier weighting i.e. R = 1950 N; (iii) skier jumping i.e. R = 3900 N (for a constant penetration depth PS as recorded for each profile).
Results
Sensitivity analysis
We performed a sensitivity analysis to assess the effect of snowpack properties on the skier crack length l sk , the critical crack length a c and propagation stability index S p . First, only one parameter was varied while keeping all others unchanged. Second, to mimic more realistic snow properties, we used empirical formulations to relate (i) slab density to slab thickness, (ii) slab elastic modulus to slab density and (iii) weak layer shear strength to the overlying slab load.
Independent snowpack properties
Fig . 4 shows the results of the sensitivity analysis with independent snowpack properties with a weak layer shear strength of 700 Pa. As shown in Gaume et al. (2017) , the critical crack length a c decreases with increasing slab thickness D, slope angle ψ and slab density ρ, but increases with increasing elastic modulus of the slab E. On the other hand, the skier crack length l sk increases with increasing slab thickness, slope angle and slab density, since the slope-parallel load increases. However, the skier crack length does not change with increasing elastic modulus because stresses are independent of the modulus, as long as the slab is uniform (Eq. 1). As a result of these trends, the propagation stability index S p decreases with increasing slab thickness, slope angle and slab density but increases with increasing elastic modulus.
From Fig. 4 , one can distinguish four different stability regimes: (i) a regime in which neither failure initiation nor crack propagation are possible because l sk = 0 < a c . In this case S p → ∞; (ii) a regime in which failure initiation is possible but crack propagation cannot occur since l sk < a c , i.e. S p > 1; (iii) a regime in which both failure initiation and crack propagation occur since l sk > a c , i.e. S p < 1 and finally (iv) a Science and Technology 144 (2017) 6-15 regime that is a priori unstable since the stress due to the load of the slab at the depth of the weak layer is higher than its strength. In this case, the critical crack length is equal to zero and the skier crack length is infinite leading to S p = 0.
Effect of slope angle: shear vs compressive failure
In the previous section, the shear strength of the weak layer was fixed to 700 Pa for the sake of simplicity. However, it was shown that the shear strength of weak snow layers strongly depends on slope angle and that snow can also fail under compression (Chandel et al., 2014; Reiweger et al., 2015) . Yet, the shear strength is significantly smaller than the compressive strength. If we use the failure envelope described in Reiweger et al. (2015) for typical snowpack values used in Fig. 4 , the shear strength τ p decreases with increasing slope angle to values between 500 and 200 Pa, while the total shear stress τ + Δ τ is larger than 500 Pa (Fig. 5a ). On the other hand, the compressive strength σ p is approximately constant equal to 2500 Pa (for fast loading) while the total compressive stress is < 1700 Pa (Fig. 5b) . Hence, as suggested by Schweizer et al. (2016a) , failure initiation is more likely to occur in shear rather than compression. This is true even on flat terrain, mostly because snow is weaker in shear than in compression, but also because skier-induced shear and compressive stresses are of the same order of magnitude as shown in Fig. 5a and b. This outcome is also illustrated by Fig. 6 which shows the shear stress profile below a skier on the flat obtained through FE simulations for typical snowpack properties. Fig. 5c and d show that both failure initiation and crack propagation can occur at slope angles larger than 10°-possibly resulting in remote avalanche triggering in adequate adjacent terrain.
Realistic snowpack properties
The elastic modulus of snow is in first order related to snow density (e.g., Camponovo and Schweizer, 2001; Scapozza, 2004 ; van Herwijnen J. Gaume, B. Reuter Cold Regions Science and Technology 144 (2017) 6-15 et al., 2016) . In general, the slab density increases with increasing thickness due to settlement processes thus affecting the elastic modulus but also inducing a strengthening of the buried layers. We assume slab density to be related to slab thickness according to ρ = 100 + 135 D .
Using these relationships, the stability behavior is significantly different (Fig. 7a) from the sensitivity analysis with independently varying properties. In this case, the critical crack length remains almost independent of slab thickness. The reason is that, as the elastic modulus of the slab and the strength of the weak layer increase, they counterbalance the increase of load. Furthermore, the skier crack length first increases strongly up to about D ≈ 0.3 m and then decreases. The skier crack length is higher than the critical crack length for thin snowpacks (0.1 m < D < 0.55 m) and lower for thicker ones (D > 0.55 m). As a consequence, the propagation stability index is lower than 1 for D < 0.55 m and crack propagation is possible. For slabs thicker than J. Gaume, B. Reuter Cold Regions Science and Technology 144 (2017) 6-15 0.55 m, the skier-induced stress is too low; skier-triggering is not possible. This is also seen in Fig. 7b which shows the influence of slab thickness on the components of the total stress highlighting the key role of the skier-induced stress. Due to the sharp decrease of the skier-induced stress with depth, the total stress does not reach the weak layer strength for weak layers deeper than 0.55 m. This result is in line with previous field observations and measurements (e.g., Schweizer and Jamieson, 2001; van Herwijnen and Jamieson, 2007a) . Note, however, that very shallow slabs are often associated with very low slab densities (excluding wind slabs) for which slab fractures might occur before the onset of crack propagation (Gaume et al., 2015b; Schweizer et al., 2014; Reuter et al., 2016a) .
Influence of slab layering
The influence of slab layering was studied with FEM purely elastic simulations of simplified profiles. The total shear stress τ + Δ τ computed for each profile is shown in Fig. 8a and b. We chose a shear strength of 600 Pa in order to have a non-zero skier crack length which led in this particular case to stability values below 1 for most profiles. In general, profiles with a hard basal layer led to higher additional stresses at the depth of the weak layer. Hence, for a given weak layer shear strength with a hard basal layer longer skier crack lengths were observed (inserts in Fig. 8a and b) . This result is apparent also in Fig. 8c where profile types were ranked by their modeled propagation stability index. Compared to their corresponding profile type with a soft basal layer, the profile types with a hard basal layer had a higher skier crack length, and thus a lower propagation stability index. This is in line with empirical results presented by van Herwijnen and Jamieson (2007a) , who observed an increase in the probability of skier-triggering for harder basal layers and with results from finite element simulations of Habermann et al. (2008) . Furthermore, profile types with a hard layer close to the weak layer showed a lower propensity for initiation and propagation (higher S p ) compared to those with a hard layer close to the snow surface (i.e. the red profile types in Fig. 8c) . Note, however, that for this theoretical analysis the skier penetration depth was not accounted for.
Comparison with field data
We compare our skier crack length and critical crack length to field data of Rutschblock tests, i.e. the RB score. The RB scores were correlated with the critical crack length (Fig. 9c , Pearson's correlation coefficient and p-value: r = 0.50, p < 0.001). The critical crack length increased from approximately 0.5 m to 1.2 m for RB scores increasing from 1 to 7. The skier crack length was computed for different cases: (i) skier standing i.e. R = 780 N; (ii) skier weighting i.e. R = 1950 N; (ii) skier jumping i.e. R = 3900 N. A correlation analysis revealed that the skier crack length computed for the case of a skier jumping reproduced best the observed stability (RB score). Indeed, for most observed snowpack layerings, the skier crack length was zero when using the additional load corresponding to a skier standing. Hence, R = 3900 Ncorresponding to a skier jumping -was used to compare the skier crack length to Rutschblock data. Fig. 9a shows that the skier crack length decreased overall from 0.5 m to zero for RB scores increasing from 1 to 7. The RB score was also correlated with the skier crack length (r = − 0.26, p < 0.001), although the correlation was weaker than with the critical crack length. For the case RB = 1, the skier crack length and critical crack length do not fit the trend mostly because this RB class contains only 5 data points. The scatter plot in Fig. 9b shows that the skier crack length decreases with increasing critical crack length and the two quantities are correlated (r = − 0.33, p < 0.001). Still, the simple criterion l sk > a c i.e. S p < 1 does not exclude all data points with low RB scores (RB < 3). In fact, for the presented data set a criterion l sk > a c /3 i.e. S p < 3 would perform better, as indicated by the dashed line in Fig. 9b . Finally, we checked whether both the skier crack length and critical crack length discriminated between three stability classes defined according to the RB score: "poor" corresponding to RB = [1 2 3], "fair" to RB = [4 5] and good to RB = [6 7], the Mann-Whitney U test confirmed good discrimination of both parameters (p < 0.05) for all stability class combinations (poor to fair; fair to good; poor to good).
Discussion
Our new model allows snow instability to be described by a combination of failure initiation (skier crack length) and crack propagation (critical crack length). We compared the crack length due to a skier, i.e. the length at the depth of the weak layer for which the shear stress due to the slab and the skier exceeds the shear strength of the weak layer, to the critical crack length. The critical crack length was computed from a recent model based on discrete element simulations . A detailed sensitivity analysis was performed to study the effect of snowpack properties. In particular, the effect of slope angle was assessed by using the failure envelope of typical weak snow layers based on laboratory experiments (Reiweger et al., 2015) . Apparently, even on flat terrain, failure initiation is more likely in shear than in compression and the onset of crack propagation can occur on gentle slopes -as often observed by a "whumpf" sound. Using realistic relations between the snowpack properties according to empirical data, we found that the Fig. 7 . Sensitivity analysis for realistic snowpack properties for ψ = 30°, i.e. weak layer shear strength, slab thickness and slab density are interrelated. (a) skier and critical crack lengths vs slab thickness; (b) Shear stress τ due to the slab (green area), total stress as the sum of the shear stress due to the slab and skier additional shear stress Δτ (red area) and shear strength (dashed line) vs slab thickness D. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) skier failure initiation propensity first increased with increasing slab thickness and then decreased for a thickness of about 0.6 m. This threshold depends on the chosen snowpack properties; in particular, it should increase with increasing slope angle, since a c decreases and l sk increases with increasing ψ. Failure initiation due to skier loading frequently occurs in weak layers buried about 0.5 m, and becomes infrequent for slabs thicker than about 1 m deep (van Herwijnen and Jamieson, 2007a) . In particular, our model allows to refine the schematic representation of the influence of weak layer depth on failure initiation and crack propagation proposed by van Herwijnen and Jamieson (2007a) . While the critical crack length is almost unaffected by weak layer depth, the skier crack length sharply decreases for deeply buried weak layers, thus reducing the probability of skier-triggered avalanches (Fig. 7) . Hence, whereas on skis failure initiation may be unlikely in a weak layer buried deeper than 1 m, the critical stress may be still reached by a person without skis as this would increase the penetration depth and decrease the loading surface.
The skier crack length we proposed as a measure of failure initiation propensity is different from the skier's zone of influence described in Schweizer and Camponovo (2001) . In the latter study, the zone of influence corresponds to the area where the stress distribution is affected by the presence of the skier, but no information whether the stress actually overcomes the weak layer strength is included. This is why Schweizer and Camponovo (2001) observed a monotonic increase in the skier's zone of influence with increasing depth (with a decreasing amount of stress), whereas after a certain depth (which depends on snowpack properties) our skier crack length sharply decreased with increasing depth (Fig. 7) . We assume that the skier's zone of influence measured and modeled in Schweizer and Camponovo (2001) would be rather related to our model parameter Λ. The latter characterizes the length over which the stress distribution would be influenced by a (hypothetical) crack in the weak layer (Gaume et al., 2013) . For typical snowpack properties, this length is between 0.2 and 0.4 m which is in agreement with the skier's length and width of influence found in Schweizer and Camponovo (2001) which varied between 0.15 and 0.6 m (half length). These typical values should also explain why they found no significant cumulative effects at a depth of~0.25 m, when two skiers were walking one behind the other. Indeed, at this depth and for the density they measured, Λ would not be larger than 0.2 m and Gaume et al. (2013) showed that cumulative effects would occur only if the distance between two skiers (or two cracks in the weak layer) is lower than approx. 4Λ (~0.8 m), which is lower than the distance between two pairs of skis. Cumulative effects may occur for harder snowpacks since Λ increases with snow hardness (Λ Ẽ ). The effect of snowpack layering on the skier crack length, critical crack length and skier propagation index was quantified by means of Fig. 8 . Shear stress at the depth of the weak layer as a function of the distance from the skier loading for simplified snow profiles with (a) a soft basal layer and (b) a hard basal layer; inserts illustrating skier crack length for a weak layer shear strength of 600 Pa. (c) Skier crack length, critical crack length and skier propagation index as a function of the profile type sorted to obtain a decreasing trend of S p . For the three graphs the slope angle is equal to 38°.
finite element simulations with a linear-elastic assumption. We confirmed that snowpacks with hard basal layers result in lower values of the skier propagation index compared to softer basal layers. This reduction in stability is due to higher stresses at the depth of the weak layer and is in line with the experimental results of van Herwijnen and Jamieson (2007a) who observed an increase in skier triggering with increasing hardness difference between the weak layer and the layer below. In addition, it was shown that snow slabs with increasing hardness with increasing depth were less prone to failure initiation and crack propagation than snowpacks that transitioned from hard to soft with a soft layer adjacent to the weak layer. Note however that skier penetration depth was not considered for the sake of simplicity of this analysis, but will likely influence the presented results, in particular those with a soft slab layer near the surface. Concerning the different simplified profiles we simulated, the density and the elastic modulus were interrelated leading to different loads on the weak layer. Additional FE simulations (not shown) were performed with uniform slab density resulting in a constant load on the weak layer, and again assuming the same shear strength for all profiles. These simulations confirmed that stiff slab layers led to lower stresses at the depth of the weak layer resulting in lower skier crack lengths compared to the cases with less stiff slab layers. Also, for the sake of simplicity, we kept the shear strength constant in our simulations of simplified profiles, whereas in reality the shear strength would increase with increasing load due to settlement and sintering (cf Section 3.1.3) (e.g. Jamieson and Schweizer, 2000; Schweizer et al., 2016b) . In general, the shear strength of the weak layer adapts to the static load. This is why Reuter et al. (2015) did not consider the static stress in their stability formulation but only the dynamic part of the load induced by a skier, in contrast to our approach. As snow is known to be highly strain-rate dependent Reiweger et al., 2015) , future work will be required to assess the validity of these different assumptions.
The so-called bridging effect which causes stresses to spread out laterally and hence decreases the depth to which a given level of stress penetrates Thumlert and Jamieson, 2014) was not accounted for in the first analytical model proposed by Föhn (1987b) based on Boussinesq's theory, which we used in the sensitivity analysis. This is exemplified by Fig. 4g where the skier crack length is independent on the slab elastic modulus. Recently, Monti et al. (2016) proposed a method to correct slab thickness D in the expression of Δτ for a snowpack with layers of different elastic moduli. The equivalent slab thickness
is related to the ratio between the elastic modulus of the slab and the elastic modulus of the weak layer. Hence, if the slab is harder than the weak layer, the equivalent thickness D e is larger than D, leading to a decrease in Δ τ. The bridging effect is naturally accounted for in our FE analysis and consequently included in our analysis of field data. The effect leads to a decrease of the skier crack length l sk with increasing slab elastic modulus E. As a consequence, it is harder to initiate failure in the case of hard slabs above a soft weak layer. This outcome is in agreement with the results of Camponovo and Schweizer (1997) , Thumlert et al. (2013) and Thumlert and Jamieson (2014) .
Our new skier propagation criterion was then applied to snow profiles observed in the field and compared to the RB score. The skier crack length obtained for a skier jumping and the critical crack length were correlated with the observed stability, i.e. the RB score, confirming the usefulness of the proposed approach to refine current stability estimates. However, a very high additional load R = 3900 N was necessary to obtain values of the skier crack length higher than zero. We argue that this is partly due to finite size effects of the Rutschblock J. Gaume, B. Reuter Cold Regions Science and Technology 144 (2017) 6-15 test. FEM simulations were performed with a relatively large system size (10 m) to prevent size effects. However, the Rutschblock has a sidelength of 2 m with free side-wall boundary conditions which lead to higher stress concentrations in the weak layer. Hence, regarding this fact, the RB score underestimates stability. Still, the size of the Rutschblock is large enough to mimic both failure initiation and crack propagation, as reflected by the correlation between the RB score and the skier crack length as well as the critical crack length (Fig. 9) . Future work should also try to correlate the quality of the failure (such as fracture character, van Herwijnen and Jamieson, 2007b) to the dynamics of crack propagation (Gaume et al., 2015a) . Furthermore, note that this new model is purely static and does not account for the dynamics of a moving skier which would have two opposite effects on avalanche release: i) its acceleration down the slope might lead to a decrease of the additional shear stress Δ τ (except for sharp turns); ii) its track covering parts of the slope with varying snowpack properties would increase the likelihood to induce a crack in the weak layer. Our study also confirms one of the conclusions of Schweizer and Camponovo (2001) , namely that a skier does not need to hit a (supposedly) pre-existing crack in a weak layer to trigger a slab avalanche. The skier crack length i.e. the zone over which the skier irreversibly damages the weak layer must be larger than the critical crack length to start the onset of crack propagation and possibly avalanche release.
Eventually, applying a framework as such, which couples failure initiation and crack propagation, will help in the future to obtain realistic distributions of snow instability over real terrain from measured or modeled snow cover data, such as recently tackled by Reuter et al. (2016b) . Although our model accounts for both failure initiation and the onset of crack propagation, it needs to be completed by a criterion to assess the propensity of a tensile slab fracture -also in view of accounting for the potential size of avalanches. This step could be taken by comparing the slab tensile stress to the tensile strength (Schweizer et al., 2014; Reuter et al., 2016a; Gaume et al., 2015b; Benedetti et al., 2017) . In particular, Reuter et al. (2016a) showed that accounting for a tensile criterion in addition to a failure initiation and crack propagation criteria significantly increased the accuracy of the instability classification.
Conclusions
We developed a new model to evaluate snow instability in skier triggered snow slab avalanches by combining failure initiation and crack propagation. At the depth of the weak layer, the model compares the skier crack length, i.e. the area over which the shear stress exceeds the shear strength, to the critical crack length for the onset of crack propagation. A sensitivity analysis allowed studying the effect of snowpack properties on the skier crack length and critical crack length. In particular, we showed that, even on flat terrain, failure initiation is more likely in shear than in compression. For realistic snowpack properties, it appeared that for weak layers buried deeper than approx. 0.6 m, failure initiation was rather unlikely, whereas crack propagation propensity remained high. A finite element analysis revealed that hard basal layers lead to relatively large stresses in the weak layer and large skier crack lengths thus promoting instability. In addition, for a constant load on the weak layer, stiff slabs led to lower stresses at the depth of the weak layer and lower skier crack lengths compared to soft slab layers. Finite element simulations were finally performed to compute the skier crack length and critical crack length for manually observed snow profiles, including slab layering and thus bridging effects. Combining the skier crack length and the critical crack length allowed to describe well the observed RB scores. The proposed approach can be useful to refine classical stability metrics by including crack propagation propensity and thus eventually improve avalanche forecasting and backcountry recreationist's safety.
